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Abstract 
Hollow parts are demanded to reduce the weight of automotive body, and it is required to develop manufacturing technology of 
hollow parts with high efficiency. Thus the process, which forged part is pierced, has been applied to produce hollow parts 
since the forging process has advantages compared to conventional processes e.g. casting, machining. However the process, 
which is combined forging and piercing process, is single-side piercing process since the die is not placed. In this research, the 
influences of the bottom thickness of pre-form and clearance on the crack propagation are investigated. 6XXX series aluminum 
alloy is used as a material, and specimen is extruded as a preforming process. Extruded specimens are punched under several 
clearance conditions. Additionally, finite element analysis is performed to consider the stress and strain state, which affects the 
initiation and propagation of macroscopic crack. The experimental result shows that sheared surface length increases with 
increase of clearance between punch and material inner wall. Analytical result indicates that compressive stress state, which 
occurs at sheared area, interferes the propagation of initiated crack. As a result, secondary sheared surface is generated in case 
of large bottom thickness of extruded pre-form. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Nagoya University and Toyohashi University of Technology. 
Keyword:Single-side piercing; Hollow parts; Finite element analysis 
 
 
* Corresponding author. Tel.: +81-52-789-3255; fax: +81-52-789-3574. 
E-mail address: t.ishiguro@numse.nagoya-u.ac.jp 
© 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of the Department of Materials Science and Engineering, Nagoya University
365 Takahiro Ishiguro et al. /  Procedia Engineering  81 ( 2014 )  364 – 370 
1. Introduction 
Requisition of high fuel efficiency is increasing to overcome the environmental problems. Light metals and high 
strength steel are used to reduce the weight of automotive body from the viewpoint of material substitution. 
Meanwhile, hollow parts are widely used from the point of structural improvement. Conventional manufacturing 
technologies for hollow parts are classified ring expanding process using hollow billet, casting process, and 
machining process. However, these processes are disadvantaged in point of material cost, product strength, inner 
defect, extraction rate, and lead-time. Therefore the process, which the forged part is pierced, has been applied to 
produce hollow parts since forging process has advantages compared to above processes. Although pierced hollow 
forged part is desired to have smooth and perpendicular surface, it is difficult to use the past knowledge concerning 
sheet-blanking process as a reference for optimization of the process condition because the die cannot be installed 
in the die set. Namely, the process, which is combined forging and piercing process to manufacture hollow parts, is 
single-side piercing process. In order to produce high quality products, it is important to elucidate the influence of 
process condition on deformation mechanism of sheared surface shape. The investigations were published 
concerning sheet-blanking process to improve process condition experientially and analytically e.g. Pyttel et al. 
(2000), Shuqin et al. (2002), Ishiguro et al. (2009). However there are hardly reports, which mention single-side 
piercing process. Thus in this research, the influences of the bottom thickness of pre-form and clearance on crack 
propagation are investigated. 6XXX series aluminum alloy is used as a material, and specimen was extruded as a 
preforming process. Extruded specimens were punched under several clearance conditions. Pierced final shape is 
observed by laser microscope to measure the sheared surface length and fractured area. Additionally, finite element 
analysis was performed to consider the stress and strain state, which affects the initiation and propagation of 
macroscopic crack. 
2. Experimental procedure 
Aluminum alloy A6061 was used as specimen. Fig. 1 shows the specimen’s initial shape, forged shape, and 
pierced shape. Extrusion experiment was conducted using different initial height of specimen to homologize the 
final height. Table 1 shows the correspondence of initial height and bottom thickness after extrusion. Fig. 2 shows 
the tool components and the detail of punch geometry in both experiments. Table 2 shows the material of 
experimental tool in each process. Specimen was coated by aluminum fluoride and soap coating for the lubricant. 
Experimental equipment was servo press SDE1522-SF (AMADA CO., LTD.), which has maximum capacity 
1500kN. The press motion was conventional clank motion and input press speed was 10spm. Specimen was 
observed by laser microscope to measure sheared surface length after piercing experiment. 
 
 
Fig. 1. Specimen’s geometry, initial shape, pre-form shape, and final shape. 
Table 1. Correspondence of initial height and bottom thickness. 
Initial height h0  Bottom thickness t 
29.0 4.0 
29.5 5.0 
30.0 6.0 
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Table 2. Tool material and surface coating, (a) Extrusion experiment, (b) Piercing experiment. 
(a) Extrusion experiment                                                                                      (b) Piercing experiment 
Tool Material Surface coating  Tool Material Surface coating 
Punch Cemented carbide DLC, P.V.D  Punch DLC, P.V.D TiCN, P.V.D. 
Counter punch Cemented carbide DLC, P.V.D  Stopper die SKD11 ---- 
Container SKH51 -----  Container SKH51 ---- 
 
 
Fig. 2. Tool components and punch edge geometry in each experiment. 
3. Experimental results 
The experimental result of sheared surface properties are shown in Fig. 3. Sheared surface area decreased with 
increase of clearance between out profile of punch and specimen’s inner wall. Generally, the sheared surface 
length shows decreasing trend with increase of clearance between die and punch, because mean stress increases 
around punch edge in sheet-blanking process. It is seemed that this knowledge is applicable to single-side piercing 
process as shown in Fig. 3. Concerning the influence of bottom thickness, however, it is seemed that there is 
hardly the effect of bottom thickness on the primary sheared surface area. In the same clearance condition, e.g. 
0.05mm, cut surface is including primary sheared area totally.  Or in the 0.20 mm case, the primary sheared area 
showed approximately 40% in every bottom thickness conditions. On the other hand, fractured area showed the 
difference tendency, especially in case of clearance 0.20mm, the secondary sheared area was observed. It is 
presumed that primary sheared area depends on the initiation of the crack around punch edge, therefore stress state 
would be made no difference. In contrast, fractured area is formed by the progress of the macroscopic crack, and if 
the crack propagation was interrupted the secondary sheared area will be formed. In order to elucidate the 
difference of stress state after initiation of the crack, finite element analysis was performed. 
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(a) Bottom thickness 4.0mm                                                                 (b) Bottom thickness 5.0mm 
 
(c) Bottom thickness 6.0mm 
Fig. 3. Sheared area ratio versus bottom thickness in each clearance condition, (a)Bottom thickness 4.0mm, (b) 5.0mm, (c) 6.0mm. 
4. Simulation condition 
Finite element analysis (FEA) was performed to investigate the stress and strain state, which affects the crack 
initiation and propagation. The commercial software DEFORM-2D was used as a simulation code. The cylindrical 
compressive test with repeating lubrication was conducted to identify the material flow stress. The result was 
extrapolated by using Hollomon’s law. Frictional coefficient was defined as μ = 0.2 since the good agreement with 
experiment and simulation in point of deformed shape and load value in case of using this value. Thermal coupled 
calculation was not considered, and several conditions e.g. the geometry, tool speed were input the same value on 
experiment. The detail of simulation conditions are shown in Table 3, and the examples of mesh are shown in Fig. 
4.  
 
                            Table 3. Analytical conditions. 
Calculation model Axisymmetric 
Tool Rigid body 
Specimen Rigid-plastic body 
Friction coefficient μ = 0.2 (Coulomb’s model) 
Material flow stress  
Critical damage value Ccri = 0.9 
 
 
V  431H 0.07
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Fig. 4. Analytical mesh example and tool model in both processed. 
 
Usually, the fracture criterion is important in the blanking simulation since this process includes the material 
separation e.g. Hambli et al. (2002). In this research, normalized Cockcroft&Latham model, Eq. (1), was used as a 
fracture criterion. 
 
          , (1) 
 
where ߝ௙ഥ  is the equivalent strain when the fracture occurred, ߪ௠௔௫ , ߪത  is the maximum principal stress and 
equivalent stress, respectively. Critical damage value Ccri was identified by the comparison to the experimental 
result. The element, which exceeds the critical value, was removed to express the crack in the piercing process.  
5. Result and discussion 
The variations of mean stress are shown in Fig. 5 in case of thickness 4.0mm and 6.0mm of clearance 0.20mm. 
The both cases showed compressive stress state in initial stage of piercing process since the punch compresses into 
the specimen (Fig. 5 (a)). 
After the 30% punch progress versus bottom thickness, the crack occurred around bottom side of material 
because of the high tensile stress field (Fig. 5 (b)). In case of thin bottom thickness, this crack developed to the 
upper side direction, and the crack also initiated around punch edge, when the punch progress reached 40%t. In 
contrast, in case of thick bottom thickness, the development of initial crack was inhibited because of compressive 
stress state. However, the next crack was occurred by the high tensile stress state (Fig. 5 (c)). Finally, in case of 
thin bottom thickness, the cracks from top and bottom side coalesced, and material separation was finished. On the 
other hand, in case of thick bottom thickness, the propagation of crack initiated around punch edge was also 
inhibited because of compressive stress state. Therefore, it is assumed that the secondary sheared area was formed. 
Namely, even though the fracture area is primary part, there is a possibility that the deformation mechanism is 
different as shown in Fig. 6. For example, in case of thin bottom thickness, the fracture area was formed by the 
propagation of the cracks, which are initiated at bottom side and topside of material. Meanwhile, in case of thick 
bottom thickness, the primary fractured area was formed by the crack propagation from topside. Furthermore, 
secondary fracture area was formed by the crack from bottom side. It is presumed that the crack initiation depends 
on material ductility, thus the primary sheared area showed almost the same value in each clearance case. However, 
it was indicated that the crack propagation shows different behavior as to the bottom thickness. 
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                                          (a) Initial state                                                                                   (b) Punch progress 30%t  
 
                     
                                 (c) Punch progress 40%t                                                                              (d) Punch progress 45%t 
Fig. 5. Variation of mean stress distribution in case of clearance 0.20 mm, (a) initial, (b) punch progress 30%t, (c) 40%t, (d) 45%t. 
 
 
                                                   
Fig. 6. Schematic of cut surface formation mechanism. 
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6. Conclusion 
The cut surface mechanism on single-side piercing process was investigated. The experiments of extrusion and 
piercing were conducted. Additionally, the FE analysis was performed under the same condition. It was elucidated 
that the primary sheared surface length ratio is almost the same in each bottom thickness condition. However, the 
mechanism of fractured surface area depends on the bottom thickness, and it was indicated that the deformation 
mechanism is different. 
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